
CHAPTER 2
HEAT TRANSFER AND 
BASIC TERMINOLOGY 



Basic Terminology
• Heat is the form of energy that can be

transferred from one system to another as a 
result of temperature difference.

• The science that deals with the determination of 
the rates of such energy transfers is heat 
transfer.



Energy Transfer
• Energy can be transferred to or from a given mass by 

two mechanisms: heat transfer Q and work W.

• An energy interaction is heat transfer if its driving
force is a temperature difference. Otherwise, it is 
work.

• Work done per unit time is called power, and is denoted 
by      .

• The amount of heat transferred per unit time is called 
heat transfer rate, and is denoted by .

W

Q



Energy Transfer
• The rate of heat transfer;

• The rate of heat transfer per unit area normal to the 
direction of heat transfer is called heat flux, and the 
average heat flux is expressed as;



The First Law of Thermodynamics
• The first law of thermodynamics, also known as the 

conservation of energy principle, states that energy can 
neither be created nor destroyed during a process; it 
can only change forms.

• The energy change of a system is zero (Esystem=0) if the 
state of the system does not change during the process,
that is, the process is steady.



Surface Energy Balance
• A surface contains no volume or mass, and thus no 

energy. Therefore, a surface can be viewed as a 
fictitious system whose energy content remains 
constant during a process (just like a steady-state or 
steady-flow system). Then the energy balance for a 
surface can be expressed as;

Energy interactions 
at the outer wall
surface of a house



Heat Transfer Mechanisms
• We defined heat as the form of energy that can be 

transferred from one system to another as a result of 
temperature difference.

• Heat can be transferred in three different modes: 
conduction, convection, and radiation.

• Conduction is the transfer of energy from the more 
energetic particles of a substance to the adjacent less 
energetic ones as a result of interactions between the 
particles.

• Conduction can take place in solids, liquids, or gases.



CONDUCTION

Fourier’s law of heat conduction

• k is the thermal conductivity of the material, which is a 
measure of the ability of a material to conduct heat.



Thermal Conductivity
• Thermal conductivity k is a measure of a material’s

ability to conduct heat.

For example, 

k=0.607 W/m ·°C for water 

and 

k=80.2 W/m ·°C for iron 

At room temperature, 

which indicates that iron 

conducts heat more than 

100 times faster than water can.



Thermal Conductivity
• A layer of material of known thickness and area can be heated from 

one side by an electric resistance heater of known output. If the 
outer surfaces of the heater are well insulated, all the heat 
generated by the resistance heater will be transferred through the 
material whose conductivity is to be determined. Then measuring 
the two surface temperatures of the material when steady heat
transfer is reached and substituting them into Fourier’s law of 
heat conduction together with other known quantities give the 
thermal conductivity.

A simple experimental setup 
todetermine the thermal 
Conductivity of a material



Thermal Conductivity

The range of thermal conductivity of various materials at room temperature



Thermal Conductivity
• Pure metals have high thermal conductivities
• However, The thermal conductivity of an alloy of two 

metals is usually much lower than that of either metal.



Thermal Conductivity
• The thermal conductivities of materials vary with temp.
• The thermal conductivities of certain solids exhibit 

dramatic increases at temperatures near absolute zero, 
when these solids become superconductors.



Thermal Conductivity



Thermal Diffusivity
• The product ρcp, which is frequently encountered in heat 

transfer analysis, is called the heat capacity of a
material.

• Another material property that appears in the transient 
heat conduction analysis is the thermal diffusivity, which 
represents how fast heat diffuses through a material and 
is defined as;



Thermal Diffusivity



CONVECTION
• Convection is the mode of energy transfer between a solid 

surface and the adjacent liquid or gas that is in motion, and 
it involves the combined effects of conduction and fluid 
motion.

• The faster the fluid motion, the greater the convection 
heat transfer.

• In the absence of any bulk fluid motion, heat transfer
between a solid surface and the adjacent fluid is by pure 
conduction.



CONVECTION
• Convection is called forced convection if the fluid is forced 

to flow over the surface by external means such as a fan, 
pump, or the wind.

• Convection is called natural (or free) convection if the 
fluid motion is caused by buoyancy forces that are induced 
by density differences due to the variation of temperature 
in the fluid.



CONVECTION
• Convection heat transfer is conveniently expressed by 
Newton’s law of cooling as;

h is the convection heat transfer coefficient 
in W/m2 ·°C

As is the surface area through which convection heat 
transfer takes place

Ts is the surface temperature
T∞ is the temperature of the fluid sufficiently far

from the surface.



CONVECTION



RADIATION
• Radiation is the energy emitted by matter in the form of 

electromagnetic waves (or photons) as a result of the 
changes in the electronic configurations of the atoms or 
molecules.

• In fact, heat transfer by radiation is fastest (at the speed 
of light) and it suffers no attenuation in a vacuum. This is 
how the energy of the sun reaches the earth.

• We are interested in thermal radiation, which is the form of 
radiation emitted by bodies because of their temperature.

• It differs from other forms of electromagnetic radiation 
such as x-rays, gamma rays, microwaves, radio waves, and 
television waves that are not related to temperature.



RADIATION
• All bodies at a temperature above absolute zero emit 

thermal radiation.

• The maximum rate of radiation that can be emitted from a 
surface at a thermodynamic temperature Ts (in K or R) is 
given by the Stefan–Boltzmann law as;

where σ =5.670 x10-8 W/m2 ·K4 is the Stefan–Boltzmann 
constant.

• The idealized surface that emits radiation at this maximum 
rate is called a blackbody, and the radiation emitted by a 
blackbody is called blackbody radiation.



RADIATION
• The radiation emitted by all real surfaces is less than the

radiation emitted by a blackbody at the same temperature, and 
is expressed as;

where  ε is the emissivity of the surface.

• The property emissivity, whose value is in the range 0 ≤ε≤1, 
is a measure of how closely a surface approximates a 
blackbody for which ε=1.



RADIATION



RADIATION
• Another important radiation property of a surface is its 
absorptivity α, which is the fraction of the radiation 
energy incident on a surface that is absorbed by the 
surface.

• Like emissivity, its value is in the range 0≤α≤1.

• A blackbody absorbs the entire radiation incident on it. 
That is, a blackbody is a perfect absorber (α=1) as it is a 
perfect emitter.



RADIATION
• When a surface of emissivity ε and surface area As at a 

thermodynamic temperature Ts is completely enclosed by a 
much larger (or black) surface at thermodynamic temperature 
Tsurr separated by a gas (such as air) that does not intervene 
with radiation, the net rate of radiation heat transfer between 
these two surfaces is given by;



THERMAL COMFORT
• Air-conditioning means to condition the air to the desired

level by heating, cooling, humidifying, dehumidifying, 
cleaning, and deodorizing.

• For an average man (30 years old, 70 kg, 1.73 m high, 1.8 
m2 surface area), the body converts chemical energy of 
the food into heat at a rate of 84 J/s, which is then 
dissipated to the surroundings.

• The metabolic rate increases with the level of activity, 
and it may exceed 10 times the basal metabolic rate when 
someone is doing strenuous exercise.

• An average man generates heat at a rate of 108 W while 
reading, writing, typing, or listening to a lecture in a
classroom in a seated position.



THERMAL COMFORT
• The maximum metabolic rate of an average man is 

1250 W at age 20 and 730 at age 70.

• The corresponding rates for women are about 30 
percent lower.

• Metabolic rates during various activities are given in 
Table per unit body surface area.

• The surface area of a nude body was given by D. 
DuBois in 1916 as;



THERMAL COMFORT



STEADY HEAT CONDUCTION
• Heat transfer through a medium under steady conditions 

and surface temperatures can be solved easily without 
involving any differential equations by the introduction 
of the thermal resistance concept in an analogous manner
to electrical circuit problems.

Analogy:

Thermal resistance                 Electrical resistance
Temperature difference Voltage



STEADY HEAT CONDUCTION  IN PLANE WALLS

Thermal Resistance Concept

for steady 

heat transfer



STEADY HEAT CONDUCTION  IN PLANE WALLS

Thermal Resistance Concept



STEADY HEAT CONDUCTION  IN PLANE WALLS

Thermal Resistance Network



STEADY HEAT CONDUCTION  IN PLANE WALLS

Anaolgy to Newton’s Law of Cooling
• It is sometimes convenient to express 

heat transfer through a medium in an
analogous manner to Newton’s law of cooling as;

U is the overall heat transfer coefficient.

• Note that we do not need to know the surface temperatures of the 
wall in order to evaluate the rate of steady heat transfer through 
it. All we need to know is the convection heat transfer coefficients 
and the fluid temperatures on both sides of the wall.



STEADY HEAT CONDUCTION  IN PLANE WALLS

Multilayer Plane Walls (Composite Walls)
• In practice we often encounter 

plane walls that consist of 

several layers of different

materials.



STEADY HEAT CONDUCTION  IN PLANE WALLS
Generalized Thermal Resistance Networks

Using electrical analogy



STEADY HEAT CONDUCTION  IN PLANE WALLS
Generalized Thermal Resistance Networks



STEADY HEAT CONDUCTION  IN PLANE WALLS
Generalized Thermal Resistance Networks



STEADY HEAT CONDUCTION  IN CYLINDERS AND SPHERES

Cylinder



STEADY HEAT CONDUCTION  IN CYLINDERS AND SPHERES

Sphere



STEADY HEAT CONDUCTION  IN CYLINDERS AND SPHERES

For cylinder;

For Sphere; Thermal Resistance Network for  

both Cylinder and Sphere



MULTILAYERED CYLINDERS AND SPHERES

For Cylinders;



MULTILAYERED CYLINDERS AND SPHERES

For Spheres;
• Heat transfer between the outer 

surface of the tank and the 
surroundings is by natural convection 
and radiation !!!!!



MULTILAYERED CYLINDERS AND SPHERES

Assumption:
• Heat transfer between the outer 

surface of the pipe and the 
surroundings is by only natural 

convection !!!!!

0.1 °C/W

0.0001 °C/W

2.5 °C/W 

0.15 °C/W



Electrical Analogy for Radiation Heat Transfer

• Ri is the surface resistance to radiation. 

• The quantity Ebi - Ji corresponds to a potential difference.



Electrical Analogy for Radiation Heat Transfer

• The direction of the net radiation heat transfer depends on the 
relative magnitudes of Ji (the radiosity) and Ebi (the emissive 
power of a blackbody at the temperature of the
surface).

• It is from the surface if Ebi > Ji

• It is to the surface if Ji > Ebi



Net Radiation Heat Transfer between Any Two Surfaces



Radiation Heat Transfer in Two-Surface Enclosures

OR



REDUCING HEAT TRANSFER THROUGH SURFACES: 
THERMAL INSULATION

• Thermal insulations are materials or combinations of 
materials that are used primarily to provide resistance to 
heat flow.

• Most insulations are heterogeneous materials made of low 
thermal conductivity materials, and they involve air 
pockets.

• Insulating properly requires a one-time capital 
investment, but its effects are dramatic and long term.

• The payback period of insulation is often less than one 
year.



REDUCING HEAT TRANSFER THROUGH SURFACES: 
THERMAL INSULATION

• The most effective way to reduce heat transfer is to use 
insulating materials that are known to have very low thermal
conductivities such as urethane or rigid foam (k =0.026 W/m 
· °C) or fiberglass (k =0.035 W/m · °C). (After all, they are 
widely available, inexpensive, and easy to install.)

• The thermal conductivity of air is practically independent of 
pressure unless the pressure is extremely high or extremely 
low.

• Therefore, we can reduce the thermal conductivity of air and 
thus the conduction heat transfer through the air by 
evacuating the air space.



REDUCING HEAT TRANSFER THROUGH SURFACES: 
THERMAL INSULATION

• Therefore, the thermal conductivity will be zero since there 
will be no particles in this case to “conduct” heat from one 
surface to the other, and thus the conduction heat transfer 
will be zero.

• However, the purpose of insulation is to reduce “total” heat 
transfer from a surface, not just conduction.

• A vacuum totally eliminates conduction

but offers zero resistance to radiation, 

whose magnitude can be comparable to

conduction or natural convection in gases.



REDUCING HEAT TRANSFER THROUGH SURFACES: 
THERMAL INSULATION

• Thus, a vacuum is no more effective in reducing heat transfer.

• Insulation against radiation heat transfer between two 
surfaces is achieved by placing “barriers” between the two 
surfaces, which are highly reflective thin metal sheets.

• Radiation heat transfer between two surfaces is inversely 
proportional to the number of such sheets placed between the 
surfaces.

• Very effective insulations are obtained by using closely 
packed layers of highly reflective thin metal sheets such as 
aluminum foil (usually 25 sheets per cm) separated by fibers 
made of insulating material such as glass fiber.



REDUCING HEAT TRANSFER THROUGH SURFACES: 
THERMAL INSULATION

• Further, the space between the layers is evacuated to form a 
vacuum under 0.000001 atm pressure to minimize 
conduction or convection heat transfer through the air space 
between the layers.

• The result is an insulating material whose apparent thermal 
conductivity is below 2 x 10-5 W/m · °C, which is one 
thousand times less than the conductivity of air or any 
common insulating material.

• These specially built insulators are

called superinsulators.



SUPERINSULATORS

• They are commonly used in space applications and 
cryogenics, which is the branch of heat transfer dealing with 
temperatures below 100 K (173°C) such as those encountered 
in the liquefaction, storage, and transportation of gases, with 
helium, methane, hydrogen, nitrogen, and oxygen being the 
most common ones.



THE R-VALUE OF INSULATION

• The effectiveness of insulation materials is given by some 
manufacturers in terms of their R-value, which is the thermal 
resistance of the material per unit surface area.

• The rate of heat transfer through the insulation can be 
determined from;



THE R-VALUE OF INSULATION

• In the United States, the R-values of insulation are expressed 
without any units, such as R-19 and R-30.

• These R-values are obtained by dividing the thickness of the 
material in feet by its thermal conductivity in the unit Btu/h · 
ft · °F so that the R-values actually have the unit h · ft2 · 
°F/Btu.

• For example, the R-value of 6-in-thick glass-fiber insulation 
whose thermal conductivity is 0.025 Btu/h · ft · °F is



THE R-VALUE OF INSULATION

• Thus, this 6-in-thick glass fiber insulation would be referred 
to as R-20 insulation by the builders. 

• The unit of R-value is m2 · °C/W in SI units, with the 
conversion relation 1 m2 · °C/W = 5.678 h · ft2 · °F/Btu. 

• Therefore, a small R-value in SI corresponds to a large R-
value in English units.



OPTIMUM THICKNESS OF INSULATION

• It should be apparent that insulation does not eliminate heat 
transfer; it merely reduces it.

• The thicker the insulation, the lower the rate of heat transfer 
but also the higher the cost of insulation.

• Therefore, there should be 

an optimum thickness of 

insulation that corresponds 

to a minimum combined cost 

of insulation and heat lost.



OPTIMUM THICKNESS OF INSULATION

• Notice that the cost of insulation increases roughly linearly 
with thickness while the cost of heat loss decreases 
exponentially. 

• The total cost, which is the sum of the 

insulation cost and the lost heat cost, 

decreases first, 

reaches a minimum, 

and

then increases.



OPTIMUM THICKNESS OF INSULATION

• The thickness corresponding to the minimum total cost is the 
optimum thickness of insulation, and this is the
recommended thickness of insulation to be installed.

• If you are mathematically inclined, you can determine the 
optimum thickness by obtaining an expression for the total 
cost, which is the sum of the expressions for the costs of lost 
heat and insulation as a function of thickness; differentiating
the total cost expression with respect to thickness; and 
setting it equal to zero.

• Note that the optimum thickness of insulation depends on 
the fuel cost, and the higher the fuel cost, the larger the 
optimum thickness of insulation.



OPTIMUM THICKNESS OF INSULATION

• Considering that insulation will be in service for many years 
and the fuel prices are likely to escalate, a reasonable increase 
in fuel prices must be assumed in calculations.

• But often there are several suitable insulations for a job, and 
the selection process can be rather confusing since each 
insulation can have a different thermal conductivity, different
installation cost, and different service life.

• In such cases, a selection

can be made by preparing 

an annualized cost versus 

thickness chart like

• Figure for each insulation.



OPTIMUM THICKNESS OF INSULATION

• The determination of the optimum thickness of insulation 
requires a heat transfer and economic analysis, which can be 
tedious and time-consuming.

• But a selection can be made in a few minutes using the tables 
and charts prepared by TIMA (Thermal Insulation 
Manufacturers Association) and member companies. 

• The primary inputs required for using these tables or charts
are the operating and ambient temperatures, pipe diameter 
(in the case of pipe insulation), and the unit fuel cost. 
Recommended insulation thicknesses for hot surfaces at 
specified temperatures are given in Table. 



OPTIMUM THICKNESS OF INSULATION


